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Aim:  The aim of this study was to investigate the influence of activation sequence 
on voltage amplitudes by evaluating regional voltage differences during a left bundle 
branch block (LBBB) activation sequence versus a normal synchronous activation 
sequence and by evaluating pacing-induced voltage differences. 
Methods: 21 patients and 3 computer models without scar were studied. Regional 
voltage amplitudes were evaluated in 9 LBBB patients who underwent endocardial 
electro-anatomic mapping (EAM). Pacing-induced voltage differences were 
evaluated in 12 patients who underwent epicardial EAM during intrinsic rhythm and 
right ventricular (RV) pacing. Three computer models customized for LBBB patients 
were created. Changes in voltage amplitudes after an LBBB (intrinsic), a normal 
synchronous, a right ventricular (RV) pacing, and a left ventricular (LV) pacing 
activation sequence were assessed in the computer models.  
Results: Unipolar voltage amplitudes in patients were ~4.5 mV (4.4-4.7 mV, ~33%) 
lower in the septum compared to other segments. A normal synchronous activation 
sequence in the computer models normalized voltage amplitudes in the septum. 
Pacing-induced differences were larger in electrograms with higher voltage 
amplitudes during intrinsic rhythm and furthermore larger and more variable at the 
epicardium (mean absolute difference: 3.6-6.2 mV, 40-53% of intrinsic value; IQR 
differences: 53-63% of intrinsic value) compared to the endocardium (mean absolute 
difference: 3.3-3.8 mV, 28-30% of intrinsic value; IQR differences: 37-40% of intrinsic 
value).  
Conclusion: In patients and computer models without scar, lower septal unipolar 
voltage amplitudes are exclusively associated with an LBBB activation sequence. 
Pacing substantially affects voltage amplitudes, particularly at the epicardium. 
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This study investigates the influence of activation sequence on voltage amplitudes. In 
patients and computer models without scar, lower unipolar voltage amplitudes in the 
septum are exclusively associated with a left bundle branch block activation 
sequence. Ventricular pacing furthermore substantially affects voltage amplitudes 
with average changes of half of intrinsic value.  
 
What’s new? 
• This study investigates the influence of activation sequence on voltage 
amplitudes in patients and provides possible explanations for these changes 
using computer modeling.  
• In patients and computer models without scar, lower unipolar voltage 
amplitudes in the septum are exclusively associated with a left bundle branch 
block activation sequence.  
• Ventricular pacing substantially affects voltage amplitudes in both patients and 






Low voltage amplitudes from electro-anatomic mapping (EAM) are widely considered 
as a reference tool for scar delineation1 and have been associated with scar on 
delayed enhancement cardiac magnetic resonance imaging (DE-CMR).2 
Nevertheless, significant overlap in voltage amplitudes between scar and normal 
myocardium and substantial inter-patient differences3-5 limit the validity of distinct 
voltage cut-off values to identify scar.6  
These data suggest that additional factors may affect the voltage amplitudes.7 
Substantial differences in characterization of scar by low-voltage areas between 
intrinsic rhythm and ventricular pacing were recently reported,8 indicating that the 
activation sequence influences voltage amplitudes.  
Besides during pacing, an abnormal activation sequence can also occur in the 
presence of inter- and intraventricular conduction disturbances. For instance, a left 
bundle branch block (LBBB) activation sequence is characterized by a slow impulse 
conduction originating from the right ventricular (RV) free wall gradually propagating 
to the left ventricular (LV) free wall.9 The influence of an LBBB activation sequence 
on voltage amplitudes has not been elucidated before.  
The aim of this study was to investigate the influence of activation sequence on 
voltage amplitudes at the endocardium and epicardium in patients with heart failure 
(HF). In order to improve mechanistic understanding of this influence, regional 
voltage amplitudes in LBBB patients and computer models without scar were studied. 
To compare voltage amplitudes during an LBBB activation sequence and a normal 
synchronous activation sequence, which was not possible in patients, we used highly 
realistic computer simulations with three customized models of LBBB patients. 
Additionally, voltage differences induced by ventricular pacing were evaluated both in 




Patients referred for a CRT device implantation who underwent LV endocardial EAM3 
or epicardial (coronary venous) EAM10 were included in this study. To minimize other 
sources of variation in voltage amplitudes only patients without scar were included. 
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The Comitato Etico del Canton Ticino in Lugano and the Medical Ethics Committee of 
Maastricht University Medical Center approved the study protocol. 
 
Electro-anatomic mapping 
Patients underwent either endocardial or epicardial EAM. Voltage amplitudes were 
computed peak-to-peak and activation times were defined as the duration between 
onset of QRS-complex on the surface electrocardiogram (ECG) to the moment of 
steepest downslope on the intra-cardiac electrogram.  
Endocardial EAM was performed during intrinsic rhythm using the NOGA XP Cardiac 
Navigation System (Biosense Webster, Irvine, CA, USA) as previously described.11 
Unipolar and bipolar electrograms and catheter tip trajectories in 3D space were 
simultaneously recorded at the entire LV endocardium (bandpass filter: 1–240 Hz). 
Care was taken to cover the whole LV cavity until NOGA mapped volume was close 
to the CMR measured volume and the system automatically discards points with 
insufficient wall contact. All acquired signals were temporally aligned using the 
simultaneously recorded surface ECG. 
Epicardial EAM was performed during intrinsic rhythm and RV pacing using EnSite 
NavX (Abbott, Chicago, Ill, USA) as described previously.10 A guidewire permitting 
unipolar sensing and pacing was inserted into the coronary sinus and manipulated to 
all accessible tributaries, creating an anatomic 3D map of the coronary veins while 
simultaneously recording electrograms (bandpass filter: 2–300 Hz) and a surface 
ECG. RV pacing was performed with the implanted RV lead at 10 beats per minute 
above the intrinsic heart rate in DDD-mode with a short AV-delay to ensure full 
ventricular capture. Electrograms with poor signal indicating poor contact were 
manually discarded during the procedure. 
 
Computer models 
Three patient-specific computer models were created.12 Each model geometry was 
based on CMR imaging of the heart, lungs, and torso surface. The 
electrophysiological properties of the models were personalized based on the 
patients’ endocardial EAM and 12-lead ECG acquired during sinus rhythm, and 
geometries were personalized using the CMR-derived heart-lungs-torso anatomies.12 
Simulations were performed with the Propag-5 software13 on 2304 cores of the Bullx 
cluster "Curie" (TGCC, CEA, France). A ventricular model with a 0.2-mm resolution 
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and a torso model with 1-mm resolution were used. Propagating electrical activity 
was simulated based on ionic transmembrane currents according to a monodomain 
reaction-diffusion equation.14 The Ten Tusscher-Noble-Noble-Panfilov model of the 
human ventricular cardiomyocyte15 was used to compute the ionic currents. 
Computed transmembrane currents were injected at 1-ms intervals in the torso model 
and the bidomain equation was solved for the electrical potential throughout the 
torso, from which electrograms at the LV endocardium and epicardium were 
extracted.16 A normal activation sequence (synchronous activation) was simulated by 
inducing multiple breakthroughs in a thin, rapidly conducting endocardial layer 
mimicking the Purkinje network activation. A RV pacing simulation was created by 
single-point pacing in the RV endocardium apex, while a LV pacing simulation was 
created by single-point pacing in the LV epicardium. Similar to clinical data, unipolar 
voltage amplitudes were computed peak-to-peak and activation times were quantified 
as the duration between onset of the QRS-complex and the moment of steepest 
downslope on the intra-cardiac electrogram.   
 
Data analyses 
Data were expressed as mean±standard deviation (SD) or median and interquartile 
(IQR) range. Analyses were performed in MATLAB 2016b (Mathworks, Natick, MA, 
USA). Non-parametric test approaches were used for patient data analyses. 
Statistical significance was not evaluated in the simulated data, as it has been 
argued that statistical comparisons of computer models are inappropriate.17 Absolute 
values were therefore used to describe the simulated data instead. Regional voltage 
differences in patients and computer models were compared by subdividing the LV 
into four segments: anterior, lateral, inferior, and septal. Intrinsic voltage amplitudes 
were compared between segments and for all patients with endocardial EAM using 
Kruskal Wallis tests.  
Pacing-induced voltage changes were evaluated in patients with epicardial EAM and 
computer models by assessing differences as absolute and relative (percentage of 
intrinsic value) numbers. For the epicardial EAM patient data, paired comparisons 
were carried out by matching every electrogram during intrinsic rhythm with the 
nearest electrogram obtained during RV pacing under the condition that the 
Euclidean distance between the two electrograms was <15 mm. In the computer 
models, paired comparisons were performed by comparing electrograms during 
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different activation sequences from the same vertex in 3D space. Relative differences 
between every paired electrogram (depicted in mV or percentage of intrinsic value) 
were computed as:  










Absolute differences were computed similarly as: 
 










Bland-Altman analyses were carried out to evaluate the agreement between voltage 




A total of 21 patients and 3 computer models were included in the study. Nine 
patients, all with LBBB, underwent endocardial EAM (p1 to p9) during intrinsic 
rhythm, while 12 patients underwent epicardial EAM (p10 to p21) during both intrinsic 
rhythm and RV pacing. Three computer models (s1, s2, s3) were created based on 
patient-specific geometries obtained from patients p1, p2, and p3. Detailed 
information on individual patients and computer simulations is provided in Table 1 
and 2, respectively. 
 
Regional voltage differences in patients with LBBB  
Regional unipolar and bipolar voltage differences were evaluated for the 9 patients 
who underwent endocardial EAM during intrinsic rhythm, as these patients had a 
high number of mapped points covering all segments of the LV.  
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Mean unipolar voltage amplitudes were approximately 4.5 mV (varying between 4.4-
4.7 mV, ~33%) smaller in the septum compared to anterior, lateral and inferior within 
each endocardially mapped patient and for all 9 patients together (anterior: 13.5±5.6, 
lateral: 13.8±4.8, inferior: 13.5±6.1, septum: 9.1±4.5 mV, p<0.001). Regional unipolar 
voltage distributions in individual patients and representative voltage maps are 
provided in Figure 1. In contrast, bipolar voltage amplitudes were more 
heterogeneously distributed among the LV segments (anterior: 4.8±3.6, lateral: 
5.0±3.1, inferior: 5.5±3.8, septum: 4.7±4.5 mV, p<0.001).  
 
Regional voltage differences in simulations with LBBB and normal activation  
Regional endocardial unipolar voltage differences were additionally assessed in three 
computer models. In all computer models, unipolar voltage amplitudes during an 
LBBB activation sequence were on average 4.0 mV (~24%) smaller in the septum 
and inferior compared to other LV segments (anterior: 16.7±3.8, lateral: 17.3±3.2, 
inferior: 13.1±3.7, septum: 13.1±4 mV). After inducing a normal synchronous 
activation sequence in the 3 computer models, regional unipolar voltage distributions 
became more uniform (Figure 2), and unipolar voltage amplitudes were on average 
similar between the segments (anterior: 14.1±3.4, lateral: 14.4±3.9, inferior: 13.7±4.4, 
and septal: 13.2±4.1 mV).  
 
RV pacing induced voltage differences in patients  
An overview of pacing-induced voltage changes for patients and computer models is 
provided in Figure 3. Pacing-induced unipolar voltage changes were analyzed in the 
12 patients who underwent epicardial EAM (Figure 4). Overall, unipolar voltage 
during RV pacing did not differ significantly from the value during intrinsic conduction 
(intrinsic: 7.8±5.0, RV paced: 8.0±6.9 mV, p=0.709), but RV pacing caused 
considerable changes in these voltage amplitudes (IQR: 53% of intrinsic value; 
Figure 3). The absolute change in unipolar voltage amplitude between intrinsic 
rhythm and RV pacing was substantial: 3.6±5.9 mV (52±110% of intrinsic value). 
Larger unipolar voltage changes were present in electrograms with a larger amplitude 
during intrinsic rhythm (Bland-Altman analysis in Figure 4C).  
 
RV and LV pacing-induced voltage differences in computer models  
9 
 
Pacing-induced unipolar voltage differences (Figure 3) at the epicardium and 
endocardium were additionally evaluated in computer models (Figure 5 and 6 
respectively). Similar to the patient data, the direction of pacing-induced unipolar 
voltage changes could be either positive or negative and larger differences were 
present in electrograms with larger voltage amplitudes during intrinsic rhythm (Bland-
Altman analyses in Figure 5C and 6C). Overall there was a positive correlation 
between the mean- and absolute unipolar voltage differences (from the Bland-Altman 
plots in Figure 5C and 6C) for both endocardial and epicardial unipolar voltage 
amplitudes (R: 0.1477-0.3881, p-values<0.001). 
Mean epicardial unipolar voltage was distinct for different activation sequences 
(intrinsic: 17.4±5.9, RV pacing: 18.7±8.3, and LV pacing: 19.6±6.4 mV; Figure 5A), 
with the greatest change in unipolar voltage difference occurring during LV pacing 
(IQR: 63 and 40 for epicardium and endocardium respectively; Figure 3). The 
absolute mean difference between intrinsic epicardial unipolar voltage and pacing 
was 6.0±5.9 (40±53% of intrinsic value) for RV pacing and 6.2±5.3 mV (45±56% of 
intrinsic value) for LV pacing.  
Mean endocardial unipolar voltage amplitudes were also affected by changing 
activation sequence (intrinsic: 13.7±4.3, RV pacing: 14.0±4.7, and LV pacing: 
12.7±4.7 mV; Figure 6A), although these differences were much smaller than the 
epicardial values (Figure 3). The mean absolute difference between intrinsic 
endocardial unipolar voltage and pacing was 3.3±3.2 (28±33% of intrinsic value) for 
RV pacing and 3.8±3.2 mV (30±30% of intrinsic value) for LV pacing.  
 
Discussion 
This is the first study elucidating the voltage distribution during an LBBB activation 
sequence and investigating pacing-induced voltage changes in patients with possible 
explanations provided by computer simulations. We demonstrated that an LBBB 
activation sequence, in absence of scar, is associated with lower unipolar voltage 
amplitudes in the septum. We furthermore showed, using computer modelling, that 
these LBBB-associated low septal unipolar voltage amplitudes are functional, 
because they completely abolished during a normal synchronous activation 
sequence. Furthermore, modifying the activation sequence by ventricular pacing 
substantially changed unipolar voltage amplitudes in patients and computer models. 
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Together these results strongly indicate that activation sequence is a major 
determinant of local unipolar voltage amplitude and that the low septal voltage 
amplitudes in LBBB hearts can be explained exclusively by the specific activation 
sequence.  
 
The septum: a challenging myocardial region  
In our data, endocardial EAM LBBB patients demonstrated smaller unipolar voltage 
amplitudes in the septum compared to other LV segments. This difference was 
substantial (average 4.5 mV [~33%] lower) and present in every single patient. More 
interesting, these regional unipolar voltage amplitudes differences disappeared after 
restoring a normal activation sequence in the computer models, indicating that these 
low septal voltage amplitudes are exclusively due to an LBBB activation sequence, 
as geometrical and tissue properties were kept constant in the model. Low septal 
unipolar voltage amplitudes have not previously been associated with an LBBB 
activation sequence, although substantial regional variation in septal voltage 
amplitudes have been reported by Tung et al.8. 
Detailed EAM studies by Auricchio et al. showed that an LBBB activation sequence is 
characterized by a slow impulse conduction originating from the RV free wall 
gradually propagating to the LV lateral wall.9 Long transseptal times, typically >30 
ms, were also demonstrated by endocardial mapping in LBBB patients18 and in 
canine LBBB hearts19. A long transseptal time reflects an electrical separation 
between the RV and LV and slow transseptal conduction. The slow conduction 
across the septum during LBBB activation may be explained by an activation 
sequence propagating perpendicular to the fiber orientation. Propagation velocity 
perpendicular to the fiber orientation is half of that along the fiber direction.20 
Interestingly, LBBB even in the absence of reduced LV function already causes 
regional changes in conduction velocity by lateralization of connexin43.21 Thus, low 
septal unipolar voltage amplitudes (in the absence of scar) during LBBB activation 
sequences may be partially explained by slow conduction across the septum.  
 
Pacing-induced voltage changes 
The substantial pacing-induced voltage amplitude changes in the LV free wall 
support the idea that activation sequence created low voltage amplitudes are not a 
specific property of the septum. Moreover, because during RV pacing there is a 
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whole range of activation sequences within the LV free wall, also a wide range of 
changes (both increases and decreases) were observed. Clearly, these changes 
were substantial and more variable at the epicardium (mean absolute difference: 3.6-
6.2 mV corresponding to 40-53% of intrinsic value; IQR differences: 53-63% of 
intrinsic value) compared to the endocardium (mean absolute difference: 3.3-3.8 mV 
corresponding to 28-30% of intrinsic value; IQR differences: 37-40% of intrinsic 
value). Therefore, in using voltage maps for scar delineation, activation sequence 
needs to be taken into account.8 
The fact that we observe these wavefront dependencies of unipolar voltage 
amplitudes may be surprising, because they are considered to have a larger field of 
view compared to bipolar measurements. Several studies already investigated 
pacing-induced voltage changes, but these focused solely on bipolar 
measurements.22,23 Blauer et al. confirmed in a bidomain model that different 
catheter inclination angles substantially impact the accuracy of identifying lesions by 
bipolar mapping.23 Brunckhorst et al.22 demonstrated in 11 ventricular tachycardia 
(VT) patients that RV pacing produced a >50% change in bipolar voltage at 28% 
sites and >100% at 10% sites. Therefore, it appears that, the range of fractional 
differences induced by activation sequence is similar for unipolar and bipolar voltage 
measurements.   
Pacing-induced changes in unipolar voltage amplitudes have been investigated in 
two studies to date. Tung et al.8 investigated the influence of changing wavefront on 
scar characterization (by low unipolar and bipolar recordings) in 29 VT patients.  A 
variability of 22% for bipolar and 14% for unipolar voltage characterization of scar 
was observed with different activation sequences. Amorós-Figueras et al.24 analysed 
voltage amplitude changes during intrinsic rhythm and RV pacing. In healthy 
myocardium, the IQR of change was 31% for endocardial unipolar voltage 
amplitudes, remarkably close to the IQR change of 37% that we observed after RV 
pacing in the computer models at the endocardium.  
 
Clinical implications 
To date, unipolar and bipolar voltage mapping are commonly used methods in 
clinical practice for invasive scar delineation.1 In this study, we demonstrate that 
unipolar voltage amplitudes can be affected by different activation sequences and 
changes up to half of the intrinsic value are common. Furthermore, lower unipolar 
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voltage amplitudes are present in the septum in patients with a LBBB activation 
sequence.  
These findings advocate for additional methods of invasive scar delineation. One 
potential method would be integration of DE-CMR data into the EAM system.25 
Alternative novel approaches for more accurate invasive scar delineation include the 
use of impedance measurements24 and the wavefront-independent omnipolar 
electrograms.26,27   
 
Study limitations 
The study included both endocardially and epicardially mapped patients, which 
possibly affected voltage amplitudes. As such, this study focusses on relative voltage 
differences rather than absolute values. Moreover, we connected the two patient 
populations by using computer simulations from which we could extract both 
endocardial and epicardial data, covering the entire spectrum of patient data.  
The present study primarily investigates unipolar voltage amplitudes and therefore 
additional studies are necessary to investigate the influence of activation sequence 
on bipolar voltage amplitudes.  
 
Conclusion 
This study demonstrates that an LBBB activation sequence in patients is associated 
with ~33% lower unipolar voltage amplitudes in the septum, and that these regional 
voltage amplitude differences resolve once a normal activation sequence is restored 
in a computer simulation. We additionally demonstrated that pacing-induced changes 
in the activation sequence substantially affect unipolar voltage amplitudes by ~30-
50% of intrinsic value, particularly at the epicardium, while the direction of change 
can be both positive or negative. These findings are relevant for interpretation of 
voltage maps.  
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Type NYHA Conduction QRSd 
(ms) 
Wavefronts Mapping Nr of 
EGMs   
p1 73 F 30 39 NCMP 3 LBBB 139 Intrinsic LV endo 167 
p2 70 M 23 35 ICMP 2 LBBB 179 Intrinsic LV endo 88 
p3 54 M 32 34 ICMP 2 LBBB 165 Intrinsic LV endo 131 
p4 70 M 24 21 NCMP 2 LBBB  160 Intrinsic LV endo 206 
p5 69 F 30 17 ICMP 3 LBBB 185 Intrinsic LV endo 199 
p6 69 F 31 35 ICMP 3 LBBB 156 Intrinsic LV endo 236 
p7 69 M 26 45 NCMP 2 LBBB 154 Intrinsic LV endo 163 
p8 85 M 31 32 NCMP 3 LBBB 180 Intrinsic LV endo 244 
p9 69 M 24 28 ICMP 2 LBBB 170 Intrinsic LV endo 159 
p10 75 M 27 34 NCMP 2 LBBB 142 Intrinsic/RV LV epi (veins) 50 
p11 80 M 26 29 ICMP 2 IVCD 136 Intrinsic/RV LV epi (veins) 26 
p12 42 F 31 28 NCMP 2 LBBB 160 Intrinsic/RV LV epi (veins) 27 
p13 75 F 23 15 NCMP 3 LBBB 122 Intrinsic/RV LV epi (veins) 47 
p14 71 F 26 29 NCMP 2 LBBB 156 Intrinsic/RV LV epi (veins) 41 
p15 65 F 27 10 NCMP 3 LBBB 150 Intrinsic/RV LV epi (veins) 41 
p16 52 M 34 24 NCMP 3 LBBB 136 Intrinsic/RV LV epi (veins) 19 
p17 57 F 25 26 NCMP 2 IVCD 158 Intrinsic/RV LV epi (veins) 34 
p18 60 F 26 20 NCMP 2 LBBB 132 Intrinsic/RV LV epi (veins) 42 
p19 61 M 21 32 NCMP 2 LBBB 154 Intrinsic/RV LV epi (veins) 48 
p20 58 M 28 26 NCMP 3 LBBB 150 Intrinsic/RV LV epi (veins) 13 
p21 80 M 25 24 NCMP 3 LBBB 156 Intrinsic/RV LV epi (veins) 29 
 
BMI=body-mass-index, ICMP=ischemic cardiomyopathy, EGMs=electrograms, 
F=female, IVCD=intraventricular conduction defect, LBBB=left bundle branch block, 
LV=left ventricle, LVEF=LV ejection fraction, M=male, NCMP=non-ischemic CMP, 






Computer model characteristics 
 
Model  Fitted to patient  Conduction Wavefronts Mapping Nr of EGMs  (endo/epi) 
s1  p1 LBBB/normal Intrinsic/RV/LV LV endo/epi  4105/4540 
s2  p2 LBBB/normal Intrinsic/RV/LV LV endo/epi 6732/6810 
s3  p3 LBBB/normal Intrinsic/RV/LV LV endo/epi 5626/6574 
 






Regional differences on endocardial voltage amplitudes in patients with LBBB.  
(A) Mean±SD of endocardial unipolar voltage amplitudes per patient grouped 
according to location. Lower unipolar voltage amplitudes are consistently present in 
the septum. * indicates p ≤0.001 based on Kruskall-Wallis test. (B) Endocardial 








Regional differences in endocardial voltage amplitudes in a computer model. 
Activation (left) and voltage (middle) maps with accompanying location bar graphs 
(right) of simulations s2 during an LBBB (top panels) and normal (bottom panels) 
activation sequence. Unipolar voltage amplitudes are smaller in the septum and 
inferior during LBBB. These lower voltage amplitudes disappear when a normal 





Figure 3  
Overview of differences in voltage amplitude values after changing the 
sequence of activation by pacing.  
Differences are depicted in percentage of intrinsic value. The red boxplots indicate 
the differences induced by RV pacing, while the green boxplots indicate the LV 
pacing-induced changes. The central mark in the box indicates the median, and the 
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. 
The whiskers extend to the most extreme data points not considered outliers. 
Changes are grouped for epicardial EAM patients (n=9) and computer simulations 
(n=3) with both endocardial and epicardial EAM points.  
The IQR of RV pacing-induced changes of patients with epicardial EAM is very 
similar to the changes observed at the epicardium in the computer models. The IQR 
of unipolar voltage changes is generally larger for the epicardium compared to the 







Pacing-induced voltage changes at the epicardium in patients.   
(A) Mean±SD of endocardial unipolar voltage amplitudes per patient during intrinsic 
rhythm and RV pacing. * indicates p ≤0.05 based on Mann Whitney u-test. (B) 
Epicardial (coronary venous) voltage map of a representative patient (p19) during 
intrinsic rhythm and RV pacing. The mean voltage amplitude does not change much, 
but substantial changes per electrogram are present. (C) Bland-Altman analyses for 
voltage amplitudes differences between intrinsic rhythm and RV pacing. RV pacing 
induces substantial changes in voltage amplitudes, although the direction of change 
varies. The larger the voltage amplitude during intrinsic rhythm, the larger the change 






Pacing-induced voltage changes at the epicardium in computer models. 
(A) Epicardial unipolar voltage maps of computer simulation s1 during different 
activation sequences induced by pacing. The septal quarters are displayed in white 
as the epicardium does not contain septum. (B) Mean unipolar voltage amplitudes for 
every computer model during different activation sequences. (C) Bland-Altman 
analyses comparing the difference between intrinsic (LBBB) and paced unipolar 
voltage amplitudes. Similarly, like the clinical data, the mean unipolar voltage 
amplitudes do not change much, but substantial point-by-point changes are 





Pacing-induced voltage changes at the endocardium in computer models. 
(A) Endocardial unipolar voltage maps of computer model s1 during different 
activation sequences induced by pacing. (B) Mean unipolar voltage for every 
computer model during different activation sequences. (C) Bland-Altman analyses 
comparing the difference between intrinsic (LBBB) and paced unipolar voltage 
amplitudes. UnipV = unipolar voltage amplitude. 
 
 
